The transcription factor SOX2 (3q26.3-q27) is a key regulator of foregut development and an embryonic stem cell factor cooperating during induction of pluripotency in terminally differentiated somatic cells. Recently, we found SOX2 to be amplified in a subset of squamous cell lung and esophageal cancers. The aim of this study was to explore the prognostic role of SOX2 in a large series of squamous cell carcinomas and adenocarcinomas of the lung. A total of 891 samples from two independent population-based cohorts were assessed by fluorescence in situ hybridization and immunohistochemistry. Furthermore, we assessed for associations between SOX2 amplification/upregulation and clinicopathological features. Similar results were found in the two cohorts. Within squamous cell carcinoma cases, 8% high-level as well as 68 and 65% low-level SOX2 amplifications occurred in the two cohorts, respectively. In adenocarcinomas, no high-level amplification was found and low-level amplification occurred in 6% of the two cohorts. Within squamous cell carcinomas of one cohort, SOX2 amplification was associated with lower tumor grade, while higher levels of SOX2 expression were related to younger age, smaller tumor size, and lower probability of angiolymphatic invasion and metastasis. High SOX2 expression levels proved to be a marker for prolonged overall survival among patients with squamous cell carcinomas. In conclusion, SOX2 amplification and upregulation are frequent events in squamous cell carcinomas of the lung and are associated with indicators of favorable prognosis. Modern Pathology (2011) 24, 944-953;
Based on current knowledge, several cancers arise and progress through an accumulation of complex genetic and molecular alterations. Classical genetic events, including increases in gene copy number, are frequently found in human cancer genomes and have proven to be important as diagnostic markers as well as potential targets for directed anticancer therapies. 1, 2 Such molecular findings enable a better understanding of tumor biology and may contribute to the identification of distinct clinically relevant tumor subclasses.
Several oncogenes have been proven to be frequently amplified in lung cancer. For example, in lung adenocarcinomas, NK2 homeobox 1 (NKX2-1) (also known as thyroid transcription factor 1 (TTF1 or TITF1)) is amplified as a lineage-specific oncogene in a significant subset of tumors [3] [4] [5] and recent data suggest that NKX2-1 upregulation is associated with better outcome in patients with lung adenocarcinomas. 6, 7 Lung squamous cell carcinomas are known to commonly harbor an amplification of the genomic region 3q. 8 Recently, we and others identified the transcription factor SOX2 (SRY (sex determining region Y)-box 2) as the most promising candidate disease-related gene within this amplicon. 9, 10 SOX2 is a member of the SRY-related HMG-box (SOX) family of transcription factors 11 and has been recently studied for its ability to reprogram adult cells into induced pluripotent stem cells when coexpressed with other embryonic stem cell factors like Nanog and Oct3/4.
12 SOX2 is expressed during early embryogenesis and has an important role in embryonic and extra-embryonic cell types. 13 In detail, SOX2 is believed to inhibit neurogenesis and to preserve cellular proliferative potential during development of the central nervous system. 14 Furthermore, SOX2 is a key regulator of foregut development. High SOX2 expression is found in all endoderm cells of the undivided foregut with protein levels being higher in the dorsal foregut (the future esophagus) and lower in the ventral foregut (the future trachea). 15, 16 During bronchogenesis in the developing lung, SOX2 is precisely regulated and forced overexpression of SOX2 leads to a block of airway branching. 15 In the adult, SOX2 expression is found in the basal cell layer of the esophagus and in bronchial epithelial cells of the lung, whereas it is absent in alveolar cells. 17 In lung cancer, SOX2 amplification and expression can be found in a large subset of squamous cell carcinomas. 9, 10, 17, 18 Though at much lower frequencies, expression of SOX2 has also been reported to occur in adenocarcinomas of the lung. [17] [18] [19] In vitro studies suggest that SOX2 upregulation induces cell proliferation and anchorage-independent growth in squamous cell lung cancer cell lines. 9, 10 Furthermore, SOX2 amplification and expression have been detected in preinvasive lesions of the lung, such as squamous dysplasia and carcinoma in situ. 17, 20 SOX2 may have similar oncogenic effects in other organs of foregut and non-foregut origin, since amplification and expression also occur in squamous cell carcinomas of the oral cavity, as well as in esophageal and gastric tumors. 9, [21] [22] [23] Recently, SOX2 expression has been detected in early-stage breast carcinoma. 24 These data suggest that expression of SOX2 drives oncogenesis and therefore overexpression in tumors may be associated with a more aggressive tumor phenotype and poorer clinical outcome. However, in lung cancers, contradictory results have been reported so far: while one smaller study suggested that higher SOX2 expression is associated with better outcome in patients suffering from lung squamous cell carcinomas, 25, 26 data from a third group present SOX2 expression to be a marker of poor prognosis in stage I lung adenocarcinomas. 19 Together, these findings support the notion that SOX2 upregulation has a major impact on lung cancer initiation and progression. The prognostic value of SOX2 expression levels may vary depending on histologic tumor type and additional studies performed on larger cohorts of patients are needed to consistently define these effects. In the present study, we assessed the prognostic impact of SOX2 amplification and expression levels in lung adenocarcinomas and squamous cell carcinomas by analyzing two large independent cohorts for their SOX2 status and performing correlations with relevant clinicopathological data.
Materials and methods

Cohort Characterization and Clinicopathological Data Collection
A total of 891 patients with lung squamous cell carcinomas and adenocarcinomas from two independent cohorts (Zurich, Switzerland and New York, NY, USA) were assessed by fluorescence in situ hybridization (FISH) and immunohistochemistry to study SOX2 gene amplification and SOX2 protein expression status. The Zurich cohort 
Tissue Microarray Construction
Tissue microarray recipient blocks were constructed using a custom-made, semiautomatic tissue arrayer (Beecher Instruments, Sun Prairie, WI, USA), as SOX2 in lung cancer T Wilbertz et al previously described. Two to three representative 0.6 mm cores of viable tissue from each tumor were included. 6, 27 Additional control cores of normal lung tissue were incorporated. The recipient blocks were cut into 4 mm thick sections, which were then mounted onto superfrost slides.
SOX2 Amplification FISH Assay
To assess for SOX2 amplification status at the chromosomal level on tissue microarray slides, we applied the same two-color interphase FISH assay as described by Bass et al. 9 Briefly, a probe spanning the locus 3q26.33 (BAC clone CTD-2348H10) was applied to detect SOX2 copy number status and was compared with a reference probe hybridizing to 3p22.3-3p22.2 (BAC clone RP11-286G5). Both clones were purchased from Invitrogen, Carlsbad, CA, USA. The target probe was labeled with biotin and detected with a streptavidin-conjugated red fluorochrome (SAV-Alexa Fluor-594, Invitrogen). The reference probe was labeled with digoxigenin and detected via an anti-digoxigenin-conjugated green fluorochrome (FITC, Roche, Basel, Switzerland).
Assessment of the SOX2 amplification status was performed semiquantitatively by comparing the number of red signals (SOX2 target region) to the number of corresponding green signals (reference region).
A non-amplified nucleus showed one red target signal for every corresponding green reference signal, with a red/green ratio of 1:1 ( Figure 1a) . In most cases, cancer cells were present in a diploid state (two red signals and two green signals), with rare cases revealing triploidy or tetraploidy (three red and three green signals or four red and four green signals, respectively). Cores with additional 2-9 red target signals exceeding the number of green signals in at least 30% of tumor cells were defined as low-level amplification (Figure 1b) . Cells with additional Z10 red signals displaying a cluster-like formation were defined as high-level amplification ( Figure 1c ). All cutoff values were defined a priori of the assessment and were the same as applied in our previous study. 9 All tissue microarray slides were analyzed under a 63 Â oil immersion objective using a fluorescence microscope (Zeiss, Jena, Germany) equipped with appropriate filters, a charge-coupled device camera and the FISH imaging and capturing software Metafer 4 (Metasystems, Altlussheim, Germany). FISH evaluation was independently performed by two experienced observers (TW and AS). At least 100 nuclei per case were assessed. Cases were included into the analysis if there was at least one core assessable. In all, 42 adenocarcinomas and 52 squamous cell carcinomas from the Zurich cohort and 34 adenocarcinomas and 5 squamous cell carcinomas from the New York cohort were not assessable for their SOX2 amplification status due to insufficient target tissue or hybridization. In the rare case of heterogeneity of SOX2 amplification status within a single core, only the predominant region was taken into account.
SOX2 Immunohistochemistry and Evaluation
Immunohistochemistry was conducted with the Ventana Discovery automated immunostaining system (Ventana Medical Systems, Tucson, AZ, USA), using Ventana reagents. Sections mounted on superfrost slides were deparaffinized in inorganic buffer, then pretreated at pH 8.4 in an EDTA-based buffer. A primary antibody (polyclonal goat anti-human SOX2 antibody, AF2018, R&D systems, dilution 1:40, heat-induced epitope retrieval) was applied to probe SOX2 protein. Dilution was performed with a Ventana diluent. The antibody was detected using a biotinylated detection kit based on diaminobenzidine and horseradish peroxidase (DABMapkit, Ventana). Slides were counterstained with hematoxylin and Blueing Reagent (Ventana). Subsequently, sections were washed, dehydrated in an ascending alcohol series, and covered using Cytoseal.
Stained tissue microarray slides were digitalized using the Zeiss MIRAX DESK scanner. A semiautomated quantitative image analysis software (Definiens Architect XD 1.2, Definiens, Munich, Germany) was applied to obtain a continuous spectrum of average nuclear brown staining intensity in arbitrary units (maximum range of readout 0-2) for the tumor areas of each core. Cases were included into the analysis if at least one core was assessable. Because of insufficient target tissue or artefact, 10 adenocarcinomas and 7 squamous cell carcinomas from the Zurich cohort and 10 adenocarcinomas and 1 squamous cell carcinoma from the New York cohort were not assessable for their SOX2 expression status.
Statistics
For statistical analysis of the Zurich cohort, only treatment-naive patients were included. Nominal variables (gender, smoking status, angiolymphatic invasion, pleural infiltration) were compared among subgroups using w 2 or Fisher's exact test, as appropriate. Statistical assessment of two ordinal variables (TNM status, stage, grade), one ordinal and one continuous variable or comparisons between two continuous variables (age, packyears, tumor size, expression level) were performed using Kendall's t-b correlation test. Comparisons between dichotomous and continuous variables were accomplished using Mann-Whitney U-test.
For survival analysis, patients that had received neoadjuvant therapy and all patients with overall survival o1 month post-surgery were excluded. Overall survival curves were generated using the Kaplan-Meier method and compared using a logrank test. A multivariate Cox proportional hazards regression model of independent prognostic factors for overall survival was performed. For all tests, statistical significance was defined as Po0.05. Statistics was performed using SPSS software (SPSS, Chicago, IL, USA).
This study was approved by the institutional ethical review boards of the University Hospital Zurich, the New York-Presbyterian Hospital/Weill Cornell Medical Center, and the University Hospital Tuebingen.
Results
SOX2 Gene Amplification and Protein Expression Status
We found high-level SOX2 amplification (Figure 1c ) in 8% of Zurich (16/210) and New York (4/49) squamous cell carcinomas, whereas no adenocarcinomas from either cohort exhibited this alteration. Low-level amplification (Figure 1b) was found in the majority of squamous cell carcinomas: Zurich 68% (143/210), New York 65% (32/49), respectively. In contrast, only 6% of Zurich (13/208) and New York (16/291) adenocarcinomas harbored a lowlevel amplification of SOX2. In all, 24% (51/210) of Zurich squamous cell carcinomas and 27% (13/ 49) of New York squamous cell carcinomas did not show any alteration concerning SOX2 copy number status, whereas the majority of adenocarcinoma samples (94% (195/208) from Zurich and 95% (275/291) from New York) were negative for SOX2 copy number alteration (Figure 2) . Similarly, normal lung tissue did not exhibit amplification of SOX2. Taken together, SOX2 amplification was much more frequently detected in squamous cell carcinomas than adenocarcinomas and comparable results were attained in the two independent cohorts. above on SOX2 amplification status, the overall mean SOX2 expression was significantly higher in squamous cell carcinomas than in adenocarcinomas in both cohorts (Po0.001) (Figures 3 and 4a) . Squamous cell carcinoma cases with higher SOX2 amplification status exhibited significantly higher levels of SOX2 protein expression (Figure 4b) . Interestingly, this relationship was not significant in adenocarcinoma samples of either cohort (data not shown). a) SOX2 expression by immunohistochemistry. SOX2 expression is significantly higher in lung squamous cell carcinoma tissue than in adenocarcinomas of the lung (Mann-Whitney U-test). Expression levels are consistently low in adenocarcinoma specimens, whereas squamous cell carcinoma samples exhibit a wider distribution of values. (b) Bar graphs displaying mean SOX2 expression stratified by SOX2 amplification status. SOX2 amplification is associated with significantly increased SOX2 expression in lung squamous cell carcinomas (Mann-Whitney U-test).
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Correlation of SOX2 Amplification/Expression Status with Clinicopathological Data
In order to assess the prognostic value of SOX2-amplified and SOX2-overexpressing lung squamous cell carcinomas and adenocarcinomas, we correlated relevant clinicopathological patient data with SOX2 amplification and expression status.
In the Zurich squamous cell carcinoma cohort, tumors harboring higher levels of SOX2 amplification were significantly associated with lower tumor grade (P ¼ 0.014). As for SOX2 expression, smaller tumors and tumors with lower pT stage (according to TNM classification) exhibited significantly higher levels of SOX2 protein expression (P ¼ 0.001, P ¼ 0.037). Increased SOX2 expression was associated with lower UICC/WHO stage (P ¼ 0.028) and with cases lacking angiolymphatic invasion and metastasis (P ¼ 0.001, P ¼ 0.034). Interestingly, younger age at diagnosis was associated with elevated SOX2 expression (P ¼ 0.003) ( Table 1) .
As the New York cohort comprised only 49 valid squamous cell carcinoma samples, only four of which showed high-level SOX2 amplification, this cohort was underpowered to perform formal statistical analysis. However, all four high-level amplified cases were staged pT1 and pT2, had a lower mean tumor size compared with cases with low-level or no SOX2 amplification, were either moderately or well differentiated and proved to be negative for angiolymphatic invasion and metastasis.
As for adenocarcinomas, we found low-level SOX2 amplification to be associated with lower probability of distant metastasis (P ¼ 0.003) in the Zurich cohort. Higher levels of SOX2 expression proved to be associated with higher tumor grade. In the New York cohort low-level SOX2 amplification was associated with angiolymphatic invasion (P ¼ 0.017) and less differentiated tumors (P ¼ 0.011). In addition, increased levels of SOX2 expression were associated with higher probability of metastasis (P ¼ 0.022) and more smoking packyears (P ¼ 0.027).
Survival Analysis
To determine whether SOX2 amplification or SOX2 expression is a prognostic factor in squamous cell carcinomas, we performed a Kaplan-Meier survival analysis. The different levels of SOX2 amplification and expression (with the expression scale being divided into quartiles) were compared using a logrank test.
Comparing high-level SOX2 expression (ie expression levels within the highest quartile) with lower levels of SOX2 expression (1.-3. quartile), high-level SOX2 expression was significantly associated with better survival (P ¼ 0.036) (Figure 5b ).
Among squamous cell carcinoma samples of the Zurich cohort, high-level amplified cases showed an association with better outcome as compared with all other cases, although this finding did not reach statistical significance (P ¼ 0.183) (Figure 5a ). When patients with squamous cell carcinomas from the New York cohort were included, a strong trend toward better survival was seen in patients harboring high-level SOX2 amplification (P ¼ 0.078). There was no significant difference in survival between low-level amplified cases and cases without SOX2 copy number alteration.
In a Cox regression model considering all parameters with significant impact on patient survival (pT, pN, pM, stage, grade, angiolymphatic invasion, pleural infiltration), neither SOX2 amplification status nor SOX2 expression level proved to be an independent predictor for survival in patients with squamous cell carcinomas. Among adenocarcinomas, SOX2 expression level was not associated with patient survival in either cohort. However, even in spite of limited case numbers, low-level amplification proved to be a highly significant predictor for worse patient survival in the New York cohort (P ¼ 0.009).
Discussion
SOX2 is a member of the SOX (SRY-related HMGbox) family of transcription factors. 11 Besides its role during neurogenesis and embryonic foregut development, SOX2 can aid the reprogramming of adult cells into induced pluripotent stem cells, indicating a major potency for induction of cellular fate changes. 12, 14, 28 More recently, studies have identified SOX2 as the driving gene of the well-known 3q amplicon in squamous cell carcinomas of the lung and the esophagus, suggesting SOX2 as a novel candidate oncogene 9, 10 in lung carcinogenesis. In the current study, we investigated the prognostic significance of SOX2 amplification and overexpression in squamous cell carcinomas and adenocarcinomas of the lung.
SOX2 in Lung Squamous Cell Carcinomas
Recently, we and others have characterized the SOX2 amplification status in lung squamous cell carcinomas with reported frequencies varying from 20 to 60%. 9, 10, 17 These variations in frequency are most likely due to methodological discrepancies applied by different laboratories (eg the molecular method applied for detection of SOX2 copy number status and the threshold set to distinguish between different levels of amplification). Furthermore, differences between the cohorts and tumor heterogeneity have to be considered.
In our current study, we assessed two large independent cohorts from different continents (Zurich, Switzerland and New York, NY, USA) in a semiquantitative manner and found 67% low-level and 8% high-level amplifications with notably uniform distribution in the two cohorts. To control SOX2 in lung cancer T Wilbertz et al the problem of tumor heterogeneity in our study, we assessed the SOX2 copy number status in samples from at least two physically distant parts of the primary tumor.
A FISH probe precisely covering the SOX2 locus and encompassing only the genes SOX2 and SOX2OT (SOX2 overlapping transcript) was applied to specifically focus on SOX2 within the 3q amplicon. However, the amplification locus of 3q comprises additional genes, such as DCUN1D1 and PIK3CA that previously have been proposed to be target oncogenes of the 3q amplicon. 8 Recent studies have provided strong evidence that SOX2 is the primary amplification target within the common 3q amplicon and functional studies using shRNA against SOX2 showed an impact on tumor biology, thus making SOX2 the most promising candidate 3q oncogene. 9, 10, 28 We found SOX2 amplification to be associated with higher SOX2 expression in lung squamous cell carcinomas, likely reflecting a gene dosage effect. While this association was highly significant, there were a few cases with high SOX2 expression levels despite the absence of SOX2 amplification, indicating that in some instances mechanisms other than SOX2 copy number may explain SOX2 protein overexpression. However, based on our results it would appear that SOX2 amplification is the most important driver of SOX2 expression in lung squamous cell carcinomas. It has been proposed that embryonic stem cell genes such as SOX2 may mark the tumor stem cell population within cancers (eg breast cancer 29, 30 ). Such tumor stem cells are believed to persist in tumors as a distinct subpopulation and to cause relapse and metastasis by giving rise to new tumors. 31 Notably, we found SOX2 amplification and expression to be homogenous in virtually all cases, both within one region as well as between the different regions of a specific case.
Role of SOX2 in Carcinogenesis of Lung Squamous Cell Carcinoma
In univariate statistical analyses, our data clearly demonstrate an association between elevated SOX2 expression and indicators of better patient outcome, most importantly prolonged overall survival. Furthermore, increased levels of SOX2 amplification indicate a better histological differentiation grade and a trend to improved patient survival. These results support our previous findings, indicating that patients with lung squamous cell carcinomas harboring an embryonic stem cell-like gene expression signature, including SOX2 expression, exhibit significant better survival than patients with tumors lacking this signature. 9 Consistently, Lu et al 25 were able to show in a cohort of early stage lung squamous cell carcinomas that patients with SOX2 expression above the median show prolonged overall survival.
The underlying molecular mechanisms accounting for SOX2 being associated with favorable prognosis in lung squamous cell carcinomas still remain to be elucidated. Consistent with the theory of lineage survival oncogenes, 5 SOX2 overexpression might recapitulate transcription networks active in normal squamous precursor cells and thus counteract the chaos of malignant dedifferentiation. Alternatively, SOX2 overexpression might occur early during lung squamous cell carcinoma carcinogenesis and might be lost during disease progression, due to genetic inactivation. Further studies will be needed to clarify these functional aspects of SOX2.
The discovery of SOX2 as the driving gene of the common 3q amplicon suggests SOX2 to be a potential and frequently occurring oncogene in squamous cell carcinomas. Functional studies underscore the oncogenic role of SOX2. In squamous cell carcinoma cell lines harboring SOX2 amplification, suppression of SOX2 had an anti-proliferative effect. 9 Furthermore, cell lines overexpressing SOX2 exhibited increased migratory activity and enhanced colony formation. 10 In preinvasive lesions of the lung, SOX2 expression has been reported to occur in normal bronchial epithelium, alveolar bronchiolization, squamous dysplasia, as well as carcinoma in situ. 17 Furthermore, McCaughan et al 20 reported SOX2 amplification in none of a series of low-grade bronchial lesions, but in all high-grade lesions, suggesting upregulation during preinvasive disease progression. Consistently, Lu et al 25 showed that conditional homozygous SOX2 overexpression in clara cells induces bronchial epithelial hyperplasia with 50% of cases showing a progression to lung cancer in mice.
Taken together, these results strongly indicate that SOX2 might be oncogenic during lung carcinogenesis. However, our results indicate a strong association between SOX2 upregulation and clinicohistopathological parameters indicative of better patient outcome, including lower tumor grade. 
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Based on these data, we propose a model in which SOX2 harbors oncogenic potential and has a role during tumorigenesis. At the same time, we believe that those tumors arising from an upregulation of SOX2 exhibit a clear squamous cell differentiation and thus are associated with better prognostic features, similar to NKX2-1 in lung adenocarcinomas. 3, 4 In conclusion, we propose that SOX2 most likely is a lineage survival oncogene in lung squamous cell carcinomas.
SOX2 in Squamous Cell Carcinomas from Other Organ Sites
In agreement with previous reports 9,10,17 the findings of our study suggest that among lung cancers, SOX2 amplification and expression is highly specific for squamous cell histology. In support of this, SOX2 proved to be significantly co-expressed with typical markers of squamous cell carcinoma differentiation, such as p63. 9, 15, 25 Besides the lung, SOX2 has been found to be amplified and expressed in squamous cell carcinomas originating from other organ sites, predominantly derived from the embryonic foregut. 9, 21, 22 Recently, we found SOX2 to be amplified and expressed in squamous cell carcinomas originating from non-foregut tissues, such as the skin, the cervix, and the penis, 23 indicating that SOX2 might be a general marker for squamous cell carcinoma differentiation regardless the tissue of origin. Squamous carcinogenesis from diverse body sites may thus share similar underlying mechanisms.
SOX2 in Lung Adenocarcinomas
Previous findings revealed that SOX2 is expressed in bronchial epithelial cells of the lung, whereas it is absent in alveolar cells. 17, 22 Likewise, adenocarcinoma precursor lesions, such as atypical adenomatous hyperplasia, proved to be negative for SOX2 expression. 17 In concordance, we could not detect any high-level SOX2 amplification in lung adenocarcinomas and only low-level SOX2 amplification in about 6% of cases. Protein expression levels were significantly lower in lung adenocarcinomas compared with squamous cell carcinomas. Neither the correlation analysis with clinicopathological patient data, nor the survival analysis comparing different levels of SOX2 expression revealed any consistent results to predict patient outcome in lung adenocarcinomas. Notably, we found low-level amplification of SOX2 to be associated with shorter patient survival in the New York cohort, but despite otherwise homogenous results in the two cohorts we were not able to confirm this particular finding in the Zurich cohort. Interestingly, Sholl et al 19 found SOX2 expression to be a prognostic factor of worse patient outcome in stage I lung adenocarcinomas.
Taken together, these results might suggest a prognostic role for SOX2 in lung adenocarcinomas.
However, given the overall low frequency of SOX2 amplification and overexpression, the significance of this finding needs further evaluation. Most importantly, the finding of SOX2 amplification/ upregulation being frequent in lung squamous cell carcinomas, but rare in lung adenocarcinomas might reflect a fundamental molecular difference in carcinogenesis between these tumor entities.
Conclusion
Amplification and overexpression of SOX2 are common in lung squamous cell carcinomas, but not adenocarcinomas, of the lung. SOX2 amplification is associated with higher SOX2 expression levels, suggesting a gene dosage effect. Both SOX2 amplification and expression are associated with favorable clinicopathological features in squamous cell carcinomas, including longer overall survival.
